INTRODUCTION
In the classical approximation, the obvious statistical expressions for calculating and predicting the Henry coefficient depend on the structure of the adsorbate molecule. Such expressions have been obtained for studies of the adsorption of monoatomic (Steele and Ross 1960) , diatomic (Hill 1948) and some of the simplest polyatomic molecules (Barrer and Stuart 1949) , as well as for molecules possessing different levels of internal rotation freedom (Poshcus 1965) .
It is well known (Poshcus 1965; Steele 1967 ) that, in many cases, the molecular properties in an adsorption layer can be described by the Lennard-Jones potential:
(1) where ε(r) is the potential energy for the interaction of two molecules when the distance between their centres is r and ε* is the minimum value of this energy when this distance is r*. In this case, the two-parameter Corresponding States Theorem (Steele (1967) ; Kiselev and Poshcus 1975) where He r is the reduced value of the Henry coefficient He, S 0 is the area of the adsorbent surface, Z 0 is the equilibrium distance corresponding to the minimum value of the interaction potential, and ε r = ε*/kT. It was assumed that when the adsorbent exits, the action changes the form of the potential curve in a similar fashion for all molecules. The functional dependence (2) provides a perfect description of the molecular behaviour of inert gases, hydrogen, methane and a number of other simple substances in the adsorption layer (Steele 1967; Kiselev and Poshcus 1975; Avgul et al. 1975 ). In addition, it was shown that the functional dependence of the Henry coefficient thus adduced was independent of the form of the chosen potential, i.e. it was possible to use potentials of the (6-exponent), (6,8-exponent) types and a number of others. However, it is known that molecular symmetry is the dominant factor influencing the form of the interaction potential curve (Balescu 1956) .
The aim of the present work was to develop a new method for predicting the Henry coefficient on the basis of the Corresponding States Theorem. It was anticipated that this method could be used for predicting the Henry coefficients in the adsorption of molecules of arbitrary configuration onto adsorbents of various natures over a wide temperature range.
THEORETICAL
In principle, it is possible to point out a priori the main reason for the drawbacks in the application of the two-parameter Corresponding States Theorem to molecules of arbitrary configuration. This is because it is impossible to express the interaction potential in the simple (6,12) form without including additional quantities that depend on the molecular structure.
The theorems of Trappeniers (1951) and Prigogine (1957) define the general approach to the solution of this problem. Having taken the basis of the two-parameter Corresponding States Theorem, Trappeniers suggested that in addition the molecular structure, and consequently the form of the potential curve, could be defined by the nature of the remote atoms and one geometrical parameter. Similarly, Prigogine assumed that for hydrocarbons it was expedient to define the two-substance molecular constants relationship with the help of the Corresponding States Theorem, and that methane should be taken as the reference substance. Thus, by analogy with the Trappeniers and Prigogine theorems, the two-parameter Corresponding States Theorem for the Henry coefficient can be written, in general, as:
( 3) where the values quoted with '0' subscripts are referenced to methane.
The definition of the structural parameter β in equation (3) is based on molecular statistical calculations. However, this is a difficult relationship that has to be established separately for molecules with different configurations (Trappeniers 1951; Prigogine 1957) . For the interaction of polyatomic molecules, the main changes in the form of the potential are connected with the repulsive term that increases very rapidly relative to the attractive term at short distances. This results in a decrease in the potential energy minimum, ε*, and a corresponding increase in the coordinate minimum, r*. In addition, the potential gap becomes narrower as demonstrated by model calculations (Prigogine 1957) , i.e. the exiting action of non-central interactions manifests itself as a minimum translation on the potential curve. Thus, as a first approximation, the true interaction potential for polyatomic molecules may be obtained using the (6,12) potential over the minimum range, i.e. up to second-order members. However, at this point, the potential parameters themselves become the parametric functions characterizing the interaction between the molecules. If an isotropic spherical molecular interaction potential is assumed for the potential curve, the parameters of the reduced potential can then be expressed by the following formulae (Prigogine 1957) :
where δ is the amendment determined by the geometrical factor (Trappeniers 1951), a 1 and a 2 are the adjusting coefficients linked by the condition a 1 = 1.58a 2 (Prigogine 1957) , and ε* r , r* r , ε* and r r are the reduced and true values of the potential parameters, respectively. Rowlinson (1954) obtained similar results. The amendments and adjusting coefficients in equation (4) can be defined empirically (Rowlinson 1954) as well as being obtained by calculation (Prigogine 1957) . However, such theoretical calculations enabling the interaction potential for polyatomic molecules to be obtained in the (6,12) form (at least in the area of the minimum) are extremely bulky, and in the final form are written just for definite groups of molecules (Prigogine 1957) . Pitzer (1955) worked out quite a different approach to the Corresponding States Theorem with three parameters for polyatomic molecules. Unlike the Trappeniers parameter, that introduced by Pitzer does not have a simple molecular-statistical sense but is determined by adjusting the empirical data. However, both these theorems are equivalent formally as it is possible to express the Pitzer parameter by means of the Trappeniers parameter (Prigogine 1957 ). Pitzer suggested the non-centricity factor, ω, as a correlating parameter characterizing the asymmetry of the molecules when specification of the Corresponding States Theorem for non-spherical molecules is necessary. Pitzer demonstrated the efficiency of the non-centricity factor, ω, as a parameter in the Corresponding States Theorem by studying the second virial coefficient as a function of the reduced temperature kT/ε* for molecules of the rigid pivot type, point dipoles and molecules with a quadruple momentum. The non-centricity factor, ω, could be well correlated with the parameter suggested by Riedel (1954) and the structure parameter later introduced by Philippov (1978) . Altenburg (1961) showed that the Riedel parameter is determined by the steepness of the repulsive parameter and stated that a correlation existed between the Riedel parameter value and the number of outer electrons in a given molecule, i.e. both the Riedel parameter and the Pitzer parameter correspond indirectly to the premise introduced by Trappeniers for the structural parameter. In fact, the Pitzer non-centricity parameter is more reasonable in comparison to the Trappeniers, Riedel and Philippov structural parameters, as it is equal to zero for molecules of the solid sphere type and its values for most substances are either tabulated or can be calculated (Cood and Hope 1970) . Thus, the structural parameter, β, can be substituted in the three-parameter Corresponding States Theorem for the Henry coefficient by the non-centricity factor, ω.
To complete the transition from the two-parameter Corresponding States Theorem to the three-parameter form, it is possible to represent the structural factor ε* as r* by analogy with equation (4). Equation (3) then takes the form:
where, as in equation (3), the subscript '0' relates to methane. For ω = 0, i.e. for molecules of the hard sphere type, the functional dependence (5) takes the form of equation (1), with methane again being used as the comparative substance. The application of the Corresponding States Theorem for inert gases, molecular hydrogen and some other substances requires the introduction of a quantum amendment (de Boer 1948) , as the behaviour of inert gases is remarkably different from that predicted by the classical Corresponding States Theorem. Byk (1948) was the first to suggest a change to the classical Corresponding States Theorem to include the non-dimensional Planck constant that would allow quantum effects to be taken into account. Later, de Boer (1948) suggested a non-dimensional combination, allowing quantum effects to be taken into account in the Corresponding States Theorem:
where h is the Planck constant and m is the molecular mass. Equation (6) represents the correlation between the de Broglie wavelength and the equilibrium state that characterizes the interaction of molecules in the adsorptive state. For substances whose behaviour is greatly influenced by quantum mechanical effects, the de Broglie wavelength is commensurate with the value of r*; however, for a more correct account of the quantum amendments, equation (6) should be expressed in the Λ 2 form (de Boer 1948; Gibbons 1968) . Then, by analogy with the classical equation (1) and to fulfill the limiting transition condition, equation (2) should be represented as equation (7) where the quantum amendment is introduced:
In the general case, the Corresponding States Theorem for the molecules of arbitrary configuration with quantum amendments should be represented as:
The only restriction to the application of equation (8) is the necessity to consider the Henry constant value in terms of a three-dimensional approximation. This implies that the state of the monolayer is far removed from the two-dimensional critical point, i.e. the orientation of the sorbate molecule with respect to the adsorption surface has virtually no influence on the value of the Henry constant. In turn, the degree of remoteness of the monolayer state from the two-dimensional critical point is determined by the adsorption temperature, by the values of the adsorption potential and by the Pitzer factor for an adsorbate molecule.
Equation (8) contains four parameters: ε*, ω and Λ that are included on the right-hand side of the equation, and Z 0 , which is involved in the calculations for He r via equation (2), and which is therefore included in the left-hand side of the equation. The value of ε* can be calculated exactly from the experimental data for the Henry coefficient via the logarithmic dependence of the adjusted Henry coefficient on the reciprocal of the temperature (Avgul et al. 1975; Hill 1984) . The tangent of the slope of the linear dependence of ln He r to the inverse temperature defines the meaning of ε*. The parameters ω and Λ and their methods of calculation were described above. The equilibrium state of the adsorbate-adsorbent interaction may be evaluated by the combination rule (Crowell and Steele 1961) , although this rule is only strictly true for hard spheres. Because of the peculiarity of molecular constructions, particularly the angles between the interatomic vectors and valence connections, the suggested combination rules are bulky and do not influence the results of the interaction energy calculations to any great extent (Avgul et al. 1975 ; Kitaigorodsky 1965) . However, to a good first approximation, the equilibrium distance between the adsorbate molecule and the hard body surface can be calculated as the sum of the effective van der Waals adsorbate radius and half of the surface lattice constant (Ross and Olivier 1961) . Such a choice of Z 0 value is arbitrary to a certain extent; however, the contribution of Z 0 to the absolute value of the reduced Henry coefficient is not particularly significant. Calculations have shown that a change of the Z 0 value over sensible limits (i.e. the limits of usage of different models for the value of Z 0 ) affects the absolute value of the reduced Henry coefficient by not more than 7-8%, which leads to a change in the value of ln He r by not more than 0.5-5%.
RESULTS AND DISCUSSION
The possibility of applying the Corresponding States Theorem in the form of equation (8) for evaluation of the Henry coefficient was tested by analysis of the experimental data for the adsorption of a number of organic and non-organic substances on different samples of active carbon of the Kureha beads type (Table 1) . Figure 1 shows a plot of the logarithmic dependence of the reduced Henry coefficient against the inverse temperature for some of these substances (Table 1 ). It will be seen that this dependence was linear, the tangent of the slope of the line being equal to the corresponding value of ε/R.
However, it should be noted that the value of ε/R estimated from the experimental data, and hence the definition of the ε* value of the minimum in the potential curve for the molecular interaction in the sorbate field, included a component arising from the surface potential of the sorbent, whose strict definition was somewhat difficult. Preliminary calculations showed that the value of ε* could be estimated from the corresponding minimum value in the potential curve for the adsorbate in the free state, ε* 0 , whose value has been tabulated for various substances or can be calculated from the critical parameters for a given substance. On the other hand, analysis of the experimental data for the various sorbates listed in Table 1 showed that the quantity ε*/ε* 0 was virtually constant and equal to 75.54. This demonstrates the correctness of the supposition made above regarding the proportionality of the potential contribution of the sorbent to the molecular interaction energy for different substances in the adsorbed state.
Using the value of ε*/ε* 0 thus obtained, it was possible to define values of ε* for the other substances listed in Table 1 . The values of ε* thus obtained were then used to calculate the reduced Henry coefficient, He r , by means of equation (8). The Henry coefficient and the ε* data for methane adsorption on Kureha beads active carbon with S BET = 1000 m 2 /g at 310 K (compound 16 in Table 2 ) as defined by Kaul (1987) were used for comparative purposes. The dependence of the reduced Henry coefficient, He r , on the reduced energy, ε r , is depicted in the coordinates of equation (8) in Figure 2 . The data shown in the figure were obtained via calculations on some selected adsorption isotherms for the various substances over the temperature intervals and specific surface area ranges listed in Table 2 . Analysis of the dependence depicted in the figure showed that the experimental values of the reduced Henry coefficient for organic and non-organic substances of different types can be generalized in the form of a linear dependence 398 V.V. Kutarov and B.M. Kats/Adsorption Science & Technology Vol. 22 No. 5 2004 with a correlation coefficient r = 0.9. The high value of the correlation coefficient suggests that a similar dependence for the Henry constant exists for other substances. The value of ε* for the given substance in the adsorbed state should be used as the predicting parameter in those cases. The influence of the nature of the adsorbent on the connection between the minimum potential energy values both during molecular interaction and in the free state will be the subject of our next communication.
CONCLUSIONS
Thermodynamically-based amendments to the well-known two-parameter Corresponding States Theorem are suggested. The application of these amendments resulted in the new four-parameter Figure 2 . Dependence of the reduced Henry coefficient, He r , on the reduced energy, ε r , as expressed in terms of the coordinates of equation (8). The numbers on the points correspond to the numbers of the substances listed in Table 2 . The axes correspond to the following: Y = ln He r /ln(He r ) 0 ; X = e*(1 + ω)(1 + Λ 2 )/ε* 0 (1 + ω 0 ). Corresponding States Theorem. The applicability of this theorem for the calculation of the Henry constant in the three-dimensional approximation was demonstrated by using data for the adsorption of 16 organic and non-organic substances onto active carbon of the Kureha beads type.
